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ABSTRACT  

 

Perovskite and metal oxides-based dual-layer hollow fibre membrane (DHF) has a high 

appeal as separator and catalyst for methane conversion application which operated at 

intermediate and high temperature. The membrane mostly fabricated via the co-extrusion 

followed by co-sintering method, which is quite challenging, due to the complexity to handle 

the barrier between layers from delamination, membrane cracking and crystal structure 

distortion which affects the material performance in a DHF form. This recent review clarifies 

the challenges in the DHF fabrication process to regulate physical and chemical properties in 

terms of mechanical strength, tightness, elemental distribution, and crystal structure stability. 

The based material of the membrane focuses on NiO-YSZ in the inner layer directly 

interconnected with LSCF-YSZ in the outer layer. The understanding of the challenges in 

DHF fabrication, will further reduce crucial errors in the fabrication process and accelerate 

performance improvement for application such as syngas, methanol and long-chain 

hydrocarbons production, and solid oxide fuel cell. 
 

Keywords: Perovskite oxide, membrane, methane conversion, dual-layer membrane, 

membrane fabrication 

 

 

1.0 INTRODUCTION 

 

Natural gas as the future energy 

perspective is naturally deposited in 

the world with methane as the main 

component around 60-90%. However, 

methane was burned freely by some oil 

refineries because is incompressible 

and difficult to distributes [1]. Methane 

emission to the atmosphere has a very 

serious impact on greenhouse effect 

which is 21 times more harmful than 

carbon dioxide (CO2) [2]. Conversion 

of methane to value added chemicals 

such as syngas, methanol and long 

chain hydrocarbons through direct and 

indirect oxidation reactions. Indirect 

oxidation methods such as oxidation 

partial methane (OPM). The OPM 

produces syngas under exothermic 

conditions as shown in Equation 1, 

thus it reduced operating costs by 30% 

and can be realized on a large 

(industrial) and small (laboratory) 

scale [3]. 

 

CH4(g)+0.5O2(g)→CO(g)+2H2(g)  

                         ∆H25℃
° = −36 kJ ∙ mol−1 

 

(1) 

 

 

As shown in the Equation 1, the 

reaction requires controlled oxygen 

supplier and a highly compatible 

catalysts. Among of them, perovskite 
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oxide has a unique characteristic, 

namely mixed ionic-electronic 

conductivity (MIEC) which contributes 

to the oxygen ion diffusion and 

electronic conductivity simultaneously 

through the crystal structure. For 

instance, La0.6Sr0.4Co0.2Fe0.8O3-δ 

(LSCF)-based membrane has attracted 

more interest for oxygen separator and 

catalyst for methane conversion [4]. 

Subsequently, a dual-layer hollow fibre 

membrane began to be developed in an 

effort to improve the membrane 

performance both as simultaneous 

oxygen separator from air and catalyst, 

namely NiO-YSZ/LSCF-YSZ [5–8]. 

Yttria-stabilized zirconia (YSZ) also 

known to improve the diffusion and 

conductivity as well as prevent the 

ionic and electronic block in one side 

of the membrane [6]. While nickel 

oxide (NiO) supports the catalytic side 

in the membrane. 

Novel dual-layer hollow fibre 

membrane for methane conversion 

which based on LSCF and NiO needs 

high temperature to initiate the work of 

active site around 700-1000 °C [9]. 

Thus, it presents a challenge in 

designing high stability in physical and 

chemical properties, such as 

compatibility, mechanical strength, 

tightness, pore configuration, 

elemental distribution and 

crystallography identification and 

effective experiments as illustrated in 

Figure 1. The figure provides 

information on the most crucial 

physical and chemical properties to be 

focused in the performance 

development of related membranes, 

thus the failure can be minimized 

during fabrication due to a high 

precision requirement of handling the 

process. 

This article presents the discussion 

of the challenges during the fabrication 

of a dual-layer hollow fibre membrane 

which supported by experience and 

reports from authors and literatures. 

This aims to clear the way to design 

research and perform the optimization 

in areas related to perovskite and metal 

oxide based dual-layer hollow fibre 

membranes for high temperature 

applications. 

 

 
Figure 1 The Most Crucial Physical and Chemical Properties in Fabricating Dual-Layer 

Hollow Fibre Membrane for Methane Conversion Application (Nurherdiana et al., 2019)  

 

 

2.0 DISCUSSIONS 

 

This sub-chapter describes in detail the 

some of the crucial challenges in the 

sequence step of membrane 

fabrication. 
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Material Selection for Dual-Layer 

Hollof Fibre Membrane 

 

Material selection for perovskite and 

metal oxide is a key aspect in the 

development of dual-layer hollow fibre 

membrane, especially for a controlled 

oxygen reaction application and high 

temperature.  

Perovskites composed of A and B 

site to form ABO3 compound, 

contributes a mixed ionic-electronic 

conducting (MIEC) property, namely 

the ability to diffuse oxygen ions (O2-) 

and electrons. simultaneously through 

the crystal lattice [10].  

The formation of oxygen ions 

occurs by absorbing electrons from the 

lattice in membrane. Then the oxygen 

ions migrate to the other side of the 

membrane which has a low oxygen 

pressure. At the same time, the metal 

ion on the B side of the perovskite is 

oxidized to a higher valence state by 

releasing electrons to balance the local 

charge. The conduction of electrons 

from the B cation lattice is obtained 

from the B-O-B bond by means of the 

Zerner double exchange mechanism as 

shown in the following reaction: 

 

Bn+ − O2− − B(n+1)+ →  B(n+1)+ − O− − B(n+1)+ → B(n+1)+ − O2− − Bn+ (Eq. 1) 

 

Table 1 shows the perovskite oxide 

based LSF and their value of resistance, 

electron and ionic conductivity which 

contribute on the transfer of oxygen 

ion and electron trough the crystal 

lattice. Murata et al. reported that the 

resistance value less than 1.5 .cm2 

contributes high oxygen flux [11]. 

From the data in Table 1, perovskite 

oxide based on LSF expected to 

provide good impact for methane 

conversion catalysis. In addition, Jiang 

et al. represented that LSF based 

perovskite has a good electron 

conductivity, stability and high 

electrochemical activity for oxygen 

reduction at high temperature [12]. 

La0.7Sr0.3Co0.2Fe0.8O3-δ (LSCF) is a 

LSF-based perovskite oxide with lower 

CO2 reactivity and improved structural 

stability compared to other LSFs. 

Nevertheless, its oxygen flux is still 

low [13, 14]. 

 
Table 1 Resistance value (R), electron conductivity (δe) and ion conductivity (δi) of the 

perovskite oxides 
 

Perovskite Oxide 

Materials 

Calcination 

temperature 

(oC) 

R 

(.cm2) 

δe 

(S cm-1) 

δi 

(S cm-1) 
Ref 

La0.6Sr0.4Co0.2Fe0.8O3-δ 1000 1.36 - - 

[11] La0.6Sr0.4Co0.2Fe0.8O3-δ 850 0.83 -  

900 0.84 -  

La0.8Sr0.2MnO3 900 - 300 5.93 x 10-7 

[12]  La0.6Sr0.4Co0.2Fe0.8O3 900 - 230 - 

La0.6Sr0.4Co0.8Fe0.2O3 900 - - 0.2 

 

 

As previously observed, it is 

necessary to have a supporting catalyst 

that increases its effectiveness and 

performance of the catalytic reaction. 

Of particular solution is the addition of 

other material catalyst such as metal 

oxide, zeolite and perovskite oxide as 

represented in Table 2. Metal catalysts 

such Rh, Ru, Pt, Pd, Ir, Ag, Pt, and Ni 

have higher catalytic activity and were 

not easily poisoned by carbon 

deposition. However, from an 
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economic point of view, catalyst from 

metal were expensive [15]. Most of the 

Nickel, comes from metal oxide NiO 

which is easier to obtain, has high 

electron conductivity and is able to 

increase the selectivity of CO and H2. 

Au et al. used a NiO/Al2O3 catalyst at 

a reaction temperature of 500 °C [16]. 

Nickel oxide was active in metallic 

form (oxidation state = 0). The phase 

change of metal oxides to metals can 

be achieved through two different 

methods, namely i). The reactor is 

operated at a methane conversion 

reaction temperature of up to more 

than 800 °C and ii). Flowing H2 gas at 

500 °C for more than 1 hour on the 

catalyst surface as reported by Au and 

Wang [16]. 

 
Table 2 Catayst for Methane Conversion 

 

Catalyst 
Temp 

(°C) 

Time 

(h) 

CH4 

conv 

(%) 

Syngas 

Selectivity 

(%) 

Ref 

H2 CO  

Ni/Al2O3 900 - 80 - 90 [17] 

Ni/MgO 750 100 91.2 96.3 92.4 [18] 

Ni-Mg/Al2O3 800 - 96.5 94 95 [19] 

NiO(75)-Al2O3 650 25 65 80 70 [20] 

Ni/zeolit Y 700 89.6 - 88.7 [21] 

Mesopori NiO-Al2O3 600 40 80 76 95 [15] 

Ni-zeolit BEA 
625-

750 
4-8 6-7 - 

40-

50 
[22] 

Pt/10%Rh 800 8 28.2  94 [23] 

Pt-CeO2 800 - 98 61 48 [24] 

Ag/CGA 600 - 23.4 - 94 [25]  

 

 

Ni catalyst without supporting 

material easily triggers local oxidation 

reactions and is easily deactivated by 

coking, thus the combination with 

perovskite is one of the solutions [17, 

18, 20, 26, 27]. The problem comes 

from significantly different thermal 

expansion coefficient (TEC) between 

NiO and LSCF at 800-1000 °C of 

14.1x10-6 °C-1 for NiO while LSCF is 

20.2x10-6 °C-1 [28]. This difference 

cause delamination and membrane 

cracking during the reaction 

conditions, resulting in a decrease in 

the performance. 

A second way of optimizing the 

dual-layer membrane is by adding 8% 

ml yttria-stabilized Zirconia (YSZ) in 

each layer. YSZ provides good 

chemical compatibility (stable up to 

200 h at 1200 °C and 24 hours at 1400 

°C) and thermal expansion coefficient 

(TEC) of 3.85 x 10-8 °C-1 

[17,18,20,26,27]. It automatically 

prevents the local spot reaction 

between layer and membrane 

delamination by modified the TEC 

value of each layer. In addition, YSZ 

easily form a matrix connecting 

between two layers with a strong 

connection and moderate shrinkage at 

high temperatures. Currently, research 

on the ratio and size of particles of 

perovskite, metal oxide and YSZ is 

still being carried out. 

 

Fabrication Method: Co-Extrusion 

followed by Co-sintering 

 

The co-extrusion method was the most 

used method to fabricate dual-layer 

hollow fibre membrane which fully 
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controlled by the spinneret and syringe 

pump. The process stage begins with 

formulating the dope suspension then 

carrying rheological analysis which 

based on the Stokes method. Rheology 

is a technique for measuring the flow 

of matter, especially solution to ensure 

the smooth extrusion of the dope 

suspension. In this study, rheological 

studies were carried out using a 

viscosity measurement technique. The 

viscosity values are recorded at the 

shear rate from 2 to 60 s-1 [29].  

The viscosity of the suspensions 

affects the well-extrusion to ensure the 

stable membrane thickness and 

diameter. The inner membrane 

suspension tends to have a greater 

viscosity than the outer layer 

suspension which due to achieve stable 

and strong interconnection between 

two layers [8, 30]. The main factor 

affecting the viscosity value is particle 

size and ratio of the material, 

especially the powder from perovskite 

and metal oxide as well as YSZ.  

In addition, the extrusion rate also 

affects the thickness of the membrane, 

both inner and outer layers. The 

thinner membrane layer was 

successfully achieved by applying 

higher extrusion rate. Consequently, 

mechanical strength and permeation 

can be modified by modifying the 

thickness of the membrane layer [31]. 

The flow rate of the bore liquid as 

internal coagulant can affect 

considerably to the consistency of 

extruded membrane and pore 

configuration. Nurherdiana et al. [5] 

successfully explained the effect of 

different bore liquid composition on 

the membrane properties, especially 

the pore configuration. The result 

showed that a mixed bore liquid 

achieved asymmetric pore 

configuration which is desirable for 

oxygen flux in high temperature. 

However, it sacrificed the mechanical 

strength and affect the membrane to be 

more brittle.  

The asymmetric pore configuration 

consists of finger-like pores that are 

directly integrated with sponge-like 

pores. Yuan et al. [32] reported that a 

finger-like pore provides a route with 

less resistance for oxygen 

permeability, while sponge-like 

contributes to the major mechanical 

strength and membrane selectivity. 

Pore modification was mostly used 

to be applied for achieving high gas 

permeability and selective membranes. 

The affecting parameters was 

summarized in Table 3 such as 

internal/external coagulant solution 

(bore fluid), polymer additives, 

extrusion flow rate, air gap distance 

and sintering process. The influencing 

factors are the addition of polymer 

additives such as polyethylene glycol 

(PEG) and polyvinyl chloride (PVP) 

which more widely used to fabricate 

ceramic membrane than water, LiCl 

and ZnCl2 due to PEG and PVP 

increase the production of uniform  

membrane pore configuration [33–36]. 

Several studies have explained that the 

value of the molecular weight of the 

polymer was also sensitive to changes 

in the pores which affected by the 

exchange rate between coagulant 

during immersion process [36–38]. 

The pores play the important role on 

the membrane performance, thus the 

pore consistency during some 

treatment on the fabrication need to be 

considered, such as co-sintering 

temperature. 
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Table 3 Effect of Internal Coagulants and Additives on The Morphology and Performance of Hollow Fiber Membranes 

Materials 
Int/Ext 

Coagulant 
Additive 

Reaction 

Temp 

( °C) 

Mechanical 

Strength 

(MPa) 

Oxygen 

Permeation 

(mL.cm-2.min-1) 

Morphology Ref 

BSCZ0.05F H2O/H2O - 

950 

58.8 4.13 

[41] BSCZ0.1F H2O/H2O - 69.8 3.58 

BSCZ0.2F H2O/H2O - 84 3.28 

LSF 73 H2O/H2O - 950 - 1.4 [42] 

LSCF 

6428 

H2O:NMP 

(A90)/H2O 

PVP 950 

110 1.61 

[43] 

Ethanol:NMP 

(B90)/H2O 
90 1.89 

Ethanol/H2O 155 0.90 

H2O/H2O 155 0.16 

LSCF 

6428 

Ethanol:NMP 

(B50)/H2O 
PVP 950 - 2.60 [13]
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Co-sintering based technique was 

currently well-known to be applied for 

producing inorganic membrane, 

especially perovskite-based membrane 

for high temperature application. The 

co-sintering method is carried out in 

stages with dwelling at each 

temperature of 400-500 °C to remove 

organic components, then increase it to 

a final temperature of 1200-1500 °C 

for 8 hours to complete the co-

sintering process [39].  

The success of the co-sintering 

process is based on the tightness of the 

outer layer of the membrane with a 

minimum nitrogen leakage value at 10-

10 mol·m-2·s-1·Pa-1 as described by 

Rabuni et al. [40] and a membrane 

mechanical strength of around 400 

MPa. Other than that, the chemical 

properties can also be considered by 

setting the temperature profile of co-

sintering. 

It can be evaluated through 

elemental distribution analysis using 

scanning electron microscopy-energy 

dispersive X-ray (SEM-EDX) and 

crystallography through X-ray 

diffraction (XRD) analysis. The 

different elemental compositions in the 

two layers revealed the analysis of 

elemental distribution very important 

which aims to identify membrane 

formation, as referred to in Sandoval et 

al. [44]. The constituent elements of 

LSCF were also found to overlap with 

the Ni signal in the inner layer, as well 

as yttria and zirconia. However, in the 

EDX yield estimates, strontium and 

lanthanum were mostly found in the 

outer layer of the two-layered 

membrane without any significant 

difference. 

Figure 1 SEM-EDX result of NiO-YSZ/LSCF-YSZ Dual-layer Hollow Fibre Membrane[5] 

Further understanding about the 

chemical properties of the membrane 

can be obtained by identifying the 

phase stability of NiO, YSZ and LSCF. 

The XRD was applied to record the 

significant phase changes in each layer 

(Figure 2). The crystallinity of the 

phases in the inner and outer layers 

decreases with increasing temperature 

of co-sintering. The inner layer phase 

remains unchanged and there is no 

impurity phase formation even up to 

1500 °C, while the NiO peaks show a 

larger 2θ shift. This indicates that the 

NiO crystal size decreases at the higher 

sintering temperature. This differs 

from the diffractogram on the outer 

membrane layer composed of the 

LSCF and YSZ composites. At 1400 

°C sintering temperature indicates the 

presence of a secondary phase in the 

form of La2Zr2O7 (PDF: 00-071-2363) 

around 2θ: 28 and 48°. 
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(a) (b) 

Figure 2 The XRD Pattern of inner (a) and outer (b) layers of NiO-YSZ/LSCF-YSZ dual-

layer Hollow Fibre Membrane [5]. (Y: YSZ, N: Ni, P: LSCF and L: La2Zr2O7) 

Therefore, the sintering temperature 

at 1300 °C indicates a low level of 

impurity phase which maintains the 

stability of the function of the material 

in the membrane form. The results of 

research on the chemical properties of 

the membrane were minimal and 

incomplete, thus the above explanation 

was obtained by the authors based on 

previous report [5].  

3.0 FUTURE OUTLOOK 

▪ A combination of perovskite and

metal oxide as the base material in

dual-layer hollow fibre can be

formed using co-extrusion followed

by co-sintering method. The

parameter condition can be explored

with respect to the physical and

chemical properties.

▪ The physical and chemical

properties were crucial to be

considered to enhance the

performance which due to almost

literature mainly focusses on

physical properties. Thus, the 

further identification in the 

chemical stability involving in-situ 

monitoring during treatment for 

membrane fabrication such as the 

presence of particle collision during 

mixing in suspension preparation 

and high temperature in the co-

sintering process. With a better 

understanding of the correlation 

between physical and chemical 

properties, it possible to achieve 

wider knowledge on the prediction 

of reaction mechanism and an 

advanced kinetic study of the DHF 

for methane conversion at high 

temperature. 
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